A hydrological modelling framework applied within operational flood forecasting systems in three alpine Danube tributary basins, Traisen, Salzach and Enns, is presented. A continuous, semi-distributed rainfall-runoff model, accounting 
INTRODUCTION
Devastating effects of extreme flood events in the recent past showed that in addition to structural protection the prediction of floods with early warning systems is needed to reduce damage. Rainfall-runoff models are at the core of predicting catchment response in the imminent future. This contribution outlines a hydrological modelling framework currently applied in newly developed flood forecasting systems in three alpine Danube tributary basins, Traisen, Salzach and Enns.
The described approach meets a number of specific requirements. A continuous simulation model is applied in order to provide adequate system states for all flood situations, which is of specific importance in alpine regions, where snow melt can contribute to floods. The heterogeneity of basin features and meteorological characteristics requires high spatial and temporal resolution of model structure and input data. Influences of hydropower production demand the incorporation of reservoir management modules. As alpine catchments have short response times, meteorological forecasts as modelling input are needed in order to achieve forecast lead times of 48 to 72 hours. Including ensemble forecasts contributes to taking uncertainty associated with forecasts into account.
HYDROLOGICAL SIMULATION

Methods
The applied model COSERO is a continuous, semi-distributed rainfall-runoff model developed by the Institute of Water Management, Hydrology and Hydraulic Engineering (Nachtnebel et al., 1993; Fuchs, 1998; Kling, 2002; among others) . It accounts for processes of snow accumulation and melt, interception, evapotranspiration, infiltration, soil storage, runoff generation and routing. Separation of runoff into fast surface runoff, inter flow and base flow is calculated by means of a cascade of linear and non-linear reservoirs, following the design of the HBV model (Bergström, 1995) .
Spatial discretization relies on the division of the watersheds into subbasins and subsequently into hydrologic response units (HRUs) based on available spatial information on subcatchment boundaries, soil types, land cover, and 200 m elevation bands.
The model allows redistribution of locally generated runoff in order to consider influences of karst cross-catchment groundwater flow (Herrnegger et al., 2008) and diversions in the context of hydropower use. The effects of operation of reservoirs for power production and flood retention are considered in reservoir modules that try to display the operation based on predefined rules. In many cases, however, rules can hardly be defined, as short term power market transactions govern reservoir management.
In the Salzach basin COSERO is combined with a glacier melt module (Habersack et al., 2006) . In the Salzach and Enns basins runoff simulated by the hydrological model is further transformed in a hydrodynamic model that also takes effects of river power plants into account (Reichel, 2008) .
Initial sets of parameters are estimated for each HRU, partly based on physical features of the zone, partly conceptual parameters that are estimated based on prior applications of the model. The initial estimates are calibrated and validated with historic time series of precipitation and temperature. The calibration procedure involves manual calibration until a satisfying representation of seasonal patterns is reached and optimization of the few parameters governing peak discharge.
Application
The Traisen, Enns and Salzach basins are located in the north-eastern Alps (see Figure 1 ). The main attributes of the three basins and of their representation in the simulation model are given in Table 1 . Enns and Salzach basins are larger than the Traisen basin, and reach to higher altitudes. They also have considerable glaciers in their catchments. In relation to the basin areas the spatial discretization is similar in all three basins, with the finest model structure in the Salzach basin, where the presented flood forecasting model replaces an existing with rather coarse spatial resolution (Wiesenegger and Kirchlechner, 1998) . Meteorological input data for calibration and validation stem from two sources. Point measurements of daily precipitation and air temperature of ten years were regionalized using external drift kriging for precipitation and a linear regression model for temperature. For a shorter period -the period of the storm event in August 2002 and the time from 2003 -the Central Institute for Meteorology and Geodynamics (ZAMG) provided precipitation and temperature analyses derived with comparable algorithms as during online operation. These analyses, with a spatial resolution of a 1x1 km grid and a temporal resolution of 15 minutes or one hour, incorporate point ground measurements and radar information (Haiden et al., 2007) .
Traisen -Windpassing Figure 2 shows simulation results from the calibration period for the three basin outlet gauges. For the Enns, they are based on daily time steps and point measurement input, for Traisen and Salzach the input data were ZAMG analysis grids with 15 minutes and hourly time steps, respectively. The models generally show good performances, in the snow melt period as well as during summer flood events.
Results of modelling snow processes in the Salzach basin are presented in another contribution to the conference . Only for the Traisen basin the calibration process has been completed so far. An evaluation of three flood events -which are of main interest in this context -in the validation period yielded an average Nash-Sutcliffe coefficient of model efficiency of 0,90 at the basin outlet gauge Windpassing. The mean relative peak error for these three events was 11 %, the mean peak time error was 1 hour..
REAL-TIME RUNOFF FORECAST
Methods
Operationally, each forecasting sequence starts with the re-calculation of the last 24 to 48 hours, using the above described ZAMG precipitation and temperature analysis grids based on ground and radar measurements as input. Thus the system states at the beginning of the prediction period are determined. For the hydrological forecast quantitative 48 to 72 hour forecasts of precipitation and temperature are fed into the hydrological model. As the uncertainty of forecasted rainfall can be high, ensemble precipitation forecasts are used to estimate forecasting errors. The resulting hydrological ensemble is analysed statistically and the display of the 80 % confidence interval shows the uncertainty due to the meteorological forecast. The forecasting sequences are repeated each 15 minutes.
Model uncertainties are considered by applying online correction methods. In the presented framework, a combination of two online correction methods is used (see Figure 3 ). The first method is applied in the recent history from t 0 (date of forecast). It is a method to provide improved system states for the forecast at t 0 . Errors between simulated and observed runoff are evaluated and minimized by optimizing a correction factor for the input (precipitation and/or temperature). This is denominated updating and gives new system states at t 0 for the start of the next forecast run. The second method (denominated output correction in Fig. 3 ) is an autoregressive (AR) model with eight discharge classes used for correcting the forecasted hydrograph. The two online updating procedures are described in detail in another contribution to the conference (Kahl and Nachtnebel, 2008 Every 24 hours a special updating mode is started with meteorological re-analyses as input. These re-analyses can incorporate more input data than those transmitted in real-time every 15 minutes, which can be of importance in flood periods, when gauges transmit incomplete or inaccurate data.
Results
In the presented studies one deterministic forecast (resolution 1x1 km) and ensemble precipitation forecasts (10x10 km) from ZAMG are used as input data. These ensemble forecasts consist of two components: the first component is an observation-based extrapolation (nowcasting) of the precipitation field, the second component is a weighted mean of the forecasted fields of the ALADIN and ECMWF numerical weather prediction models. Ensembles are only provided by the ECMWF model (Haiden et al., 2007) .
Results from operational forecasting are so far available for the Traisen basin only. Reliability of forecasted runoff simulations for different forecasting time steps (τ hours ahead) was approached with a multiple-step-ahead forecasting technique. A multistep-ahead hydrograph is built from the forecasted hydrographs at each time step of the event where only the value for τ hours ahead is taken out of every forecast. Figure 4 shows some multi-step-ahead hydrographs for one flood event in the Traisen basin. The graphs clearly depict the decrease of the forecast accuracy and the increase of the spread of the confidence interval with longer lead times. The evaluation of similar analyses is shown in Figure 5 . The evaluation of the simulated runoff forecast (Qfc) is performed against two different reference hydrographs: the observed hydrograph (Qobs) and the best-possible simulation (Qref, which is the simulated hydrograph with observed rainfall data). The lines show the decrease of the simulation performance with increasing lead time (mean values for three flood events in the Traisen basin). 
CONCLUSIONS
The presented modelling frameworks show recent examples of matching complex hydrological modelling with the requirements of operational real time flood forecasting. Models with high spatial resolution are applied and run with high temporal resolution. Operationally, meteorological forecasts with ensembles are used as input. Ensemble spread provides an indicator to assess potential forecast errors. For lead times smaller than 12 hours, for the Traisen Basin, the ensemble spread is very narrow as forecasted runoff in this range of time is more dependent on catchment response characteristics and observed rainfall. For small lead times updating procedures show good results for improving forecasts. For longer lead times larger uncertainties remain inherent to hydrological forecasts. Therefore uncertainty must be taken into account within the decision making process. The practical use of real time early warning systems for decision making also depends upon the stable administration and easy-to-use visualization of the data involved in the hydrological modelling. In all three described applications the data management and visualization is provided by the system Delft-FEWS by Deltares (formerly WL | Delft Hydraulics).
